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We demonstrate that the exciton and biexciton emission energies as well as exciton fine structure
splitting (FSS) in single (In,Ga)As/GaAs quantum dots (QDs) can be efficiently tuned using hydro-
static pressure in situ in an optical cryostat at up to 4.4 GPa. The maximum exciton emission energy
shift was up to 380 meV, and the FSS was up to 180 µeV. We successfully produced a biexciton
antibinding-binding transition in QDs, which is the key experimental condition that generates color-
and polarization-indistinguishable photon pairs from the cascade of biexciton emissions and that
generates entangled photons via a time-reordering scheme. We perform atomistic pseudopotential
calculations on realistic (In,Ga)As/GaAs QDs to understand the physical mechanism underlying
the hydrostatic pressure-induced effects.
PACS numbers: 78.67.Hc, 07.35.+k, 78.55.Cr, 42.50.-p
Self-assembled semiconductor quantum dots (QDs)
have considerable potential for use as fundamental build-
ing blocks in future quantum information applications.
However, so far it is impossible to use QD growth tech-
niques for precisely controlling QD properties, which is
essential for such applications. Therefore, externally tun-
ing the QD properties post-growth is extremely impor-
tant. One the most prominent examples is polarization-
entangled photon pair emission through a biexciton (XX)
cascade process in QDs, which requires that the differ-
ent polarized photons are energetically indistinguishable.
However, the underlying asymmetry for self-assembled
(In,Ga)As/GaAs QDs leads to splitting in degenerate
bright exciton (X) states (fine structure splitting, FSS),
which is typically tens of µeV [1–4], and much larger than
the radiative linewidth (∼ 1.0 µeV); therefore, photon en-
tanglement is destroyed [5, 6]. Tuning techniques, such
as electric [7–9], magnetic [10], and strain fields [11–17]
used to erase the FSS have been explored. Uniaxial and
biaxial stresses have been used to tune the QD structural
symmetry, exciton binding energies and FSS. However,
the strain that can be generated using such techniques
is limited to approximately tens of MPa, which corre-
sponds to a spectral shift by only several meVs for QD
peak emissions [12, 13]. Herein, we report high-pressure
research (up to tens of GPa) for individual QDs using the
diamond anvil cell (DAC), which has been widely used to
study metal-semiconductor transitions, electronic struc-
tures, and optical transitions in bulk crystals and mi-
crostructures [18–21]. An exciton emission line shift in
ensemble InAs/GaAs QDs is approximately 500 meV at
8 GPa [19], which is much larger than the QD peak shift
induced by a piezoelectric actuator PMN-PT [12]. How-
ever, tuning the QD structural symmetry, exciton transi-
tion states and FSS for an individual QD using the DAC
has not been reported.
In this work, we demonstrate that the exciton (X)
emission energy, FSS and biexciton (XX) binding energy
can be successively tuned for extremely large ranges using
hydrostatic pressure at up to 4.4 GPa. The emission en-
ergy, FSS and XX binding energy almost increase linearly
with increased pressure. The maximum exciton emission
energy shift and FSS change can extend to 380 meV and
180 µeV, respectively, which is considerably greater than
through other techniques. By tuning the applied pres-
sure, color-indistinguishable photons from the biexciton
and exciton emission decay through a cascade, and across
generation color coincidence for biexciton and exciton
transitions are generated. Therefore, entangled photon
pairs are generated via the proposed “time reordering”
scheme [22]. We also perform atomistic pseudopoten-
tial calculations on realistic (In,Ga)As/GaAs QDs under
hydrostatic stress to discern the physical mechanisms un-
derlying the effects induced by the hydrostatic pressure.
The investigated (In,Ga)As/GaAs QD samples with
low QD density were grown using molecular beam epi-
taxy (MBE) on a semi-insulating GaAs substrate with
excitonic emission energies at 1.35-1.43 eV. Figure 1(a)
shows the DAC pressure device used for tuning QD pho-
toluminescence (PL) in situ using the optical cryostat.
To fit the QD samples into the DAC chamber [indicated
in Fig. 1(b)], the samples were mechanically thinned to
a total thickness of approximately 20 µm and then cut
into pieces approximately 100×100 µm2. Condensed ar-
gon was used as the pressure-transmitting medium in the
DAC, which can be used to apply hydrostatic pressure up
to 9 GPa [18, 23]. The initial pressure can be adjusted
at room temperature by driving screws and can be deter-
2mined in situ using the ruby R1 fluorescence line shift.
To successively tune the X and XX transition energies
and fine structure splitting (FSS) by pressure at a low
temperature, a novel and easily controlled version of the
DAC shown in Fig. 1(a) was developed by combining the
well-known DAC with a piezo actuator. This device can
successively generate pressures up to several GPa for the
QD samples studied at a low temperature using PL mea-
surements, and the maximum applied pressure depends
on the actuator stroke length. The QD sample in the
DAC is cooled to 20 K through a continuous-flow liq-
uid helium cryostat and excited by a He-Ne laser at the
wavelength 632.8 nm. The excitation laser was focused
to a ∼ 2 µm spot on the sample using a microscope ob-
jective (NA: 0.35). The PL was collected using the same
objective, spectrally filtered through a 0.5 m monochro-
mator, and detected using a silicon-charge coupled device
(CCD). A λ/2 wave plate and linear polarizer were used
to distinguish horizontal (H) and vertical (V) linear po-
larization for PL components. By carefully following the
changing X and XX PL energies using the polarization
angle, we measure FSS with an ∼ 10 µeV accuracy by fit-
ting the experimental data to a sinusoidal function [24].
Figure 1(c) displays the measured pressure values and
excitonic emission energies at 20 K as a function of ac-
tuator voltage (Piezo-ceramics: PSt 150/10×10/40). We
clearly show that pressure can be successively tuned in
situ using an optical cryostat from 0.5 to 4.4 GPa through
a piezo actuator, and the corresponding blue shift for the
excitonic PL peak energy is ∼ 310 meV.
Figure 2(a) depicts the exciton emission energies as a
function of the hydrostatic pressure from 0 to 4.4 GPa
for QD1-QD5. At 0 GPa, the QD exciton emission ener-
gies are 1.401, 1.349, 1.406, 1.432 and 1.394 eV, respec-
tively. The exciton emission energies for the five QDs
studied herein increased linearly with the applied pres-
sure. The blue shift for the QD1 peak energy at 4.22
GPa is approximately 330 meV, which is much larger
than previously reported shifts ( ∼ 10 meV) from uniax-
ial or biaxial stresses using conventional methods [11–15].
The experimental data were linearly fit, which generated
pressure coefficients for QD1-QD5 of 82, 87, 93, 81 and 85
meV/GPa, respectively; such values are consistent with
the reported pressure coefficients for ensemble quantum
dot [19].
Figure 2(b) shows the biexciton binding energies for
QD1-QD5 as a function of hydrostatic pressure at up
to 4.4 GPa. The biexciton binding energy is defined as
EB(XX)=EX -EXX , where EX and EXX are the X and
XX emission energies, respectively. When EB(XX) > 0,
the biexciton is in the “binding” state, wherein the two
excitons are attracted. When EB(XX) < 0, the biexci-
ton is in the “antibinding” state, wherein the two exci-
tons are repulsive. For the QDs studied herein, EB(XX)
increases as a function of hydrostatic pressure up to 4.4
GPa. For QD1 and QD3, the biexcitons are in an an-
tibinding state at zero pressure and gradually progress to
the binding state at approximately 1 and 2 GPa, respec-
tively (i.e., EB(XX)=0), where the exciton and biexciton
are “color-indistinguishable”.
To demonstrate the biexciton antibinding-binding
transitions under pressure in greater detail, we plotted
the polarization-resolved PL spectra for the QD1 X and
XX emission lines under different hydrostatic pressures,
as shown in Fig. 3(a)-(e), wherein the red and black lines
correspond to the horizontal (H) and vertical (V) polar-
ized photons, respectively. At zero pressure, both XX
emission energies, E(H2) and E(V 2), are higher than
the X emission energy, E(H1) and E(V 1) [see also the
scheme in Fig. 3(f)]. In addition, E(H2) is slightly larger
than E(V 2) at FSS ∼ 50 µeV. Under pressure, the blue
shift for the X emission energy (82 meV/GPa) is more
rapid than for XX (81 meV/GPa). Therefore, with in-
creasing pressure, the V-polarized XX and X emission
lines first degenerate at 1.62 GPa, as shown in Fig. 3(b),
and then the H-polarized emission lines degenerate at
2.07 GPa, as shown in Fig. 3(d). In such instances,
color-indistinguishable photon pairs are generated by an
XX-X cascade emission at 1.62 GPa for V-polarized pho-
tons or at 2.07 GPa for H-polarized photons. There-
fore, it is expected that the indistinguishable two-photon
streams will be produced by adjusting a time delay be-
tween the XX and X emissions, wherein the time de-
lay is approximately 0.4 ns [25]. Remarkably, at 1.97
GPa, across generation color coincidence for XX and X
transition energies was generated (i.e., E(H1)=E(V 2)
and E(V 1)=E(H2)). This is a key condition for entan-
gled photon generation via the proposed time reordering
scheme [22]. When pressure was further increased, the
separation between the XX and X emission lines again
increased, as shown in Fig. 3(e) at 3.66 GPa. Ding and
coworkers demonstrated that biaxial strain can also tune
the biexciton binding energies [12]. However, because
their experiment generated a relatively small strain, biex-
citon antibinding-binding progression was not observed.
FSS tuning by uniaxial strain has been studied exper-
imentally [11, 14, 26] and theoretically[16, 17, 27], which
has shown that the maximum tuned FSS value is ap-
proximately 20 µeV. It is interesting to measure the FSS
change under hydrostatic pressure. Figure 2(c) depicts
the FSS for QD4 and QD5 as a function of pressure at
20 K in the range 0.5 to 4.4 GPa. The figure clearly
demonstrates that increasing pressure produces an ap-
proximately linear increase in FSS with the slope 44 and
28 µeV/GPa for QD4 and QD5, respectively, which gen-
erates a total FSS shift as large as ∼ 180 and 100 µeV
for QD4 and QD5, respectively. Similar results were
observed from other investigated (In,Ga)As/GaAs QDs,
which indicates that such a large shift is typical for FSS
under hydrostatic pressure.
To understand the experimental results, we calcu-
lated the electronic and optical properties for the
3In1−xGaxAs/GaAs QDs under hydrostatic pressure us-
ing an atomistic empirical pseudopotential method
(EPM) [28]. The optimized QD structures are obtained
by the valence force filed method [29]. We then calcu-
late the electron/hole single-particle energies and wave
functions using the linear combination of bulk bands
(LCBB) method [30]. The exciton and biexciton en-
ergies are calculated via the configuration interaction
(CI) method [31]. Herein, we present results for three
QDs: (i) a lens-shaped InAs/GaAs QDs with the height
h=1.5 nm and base diameter b=12 nm; (ii) a lens-shaped
In0.8Ga0.2As/GaAs QDs with h=1.5 nm and b=12, 15
nm; and (iii) In0.8Ga0.2As/GaAs QDs with h=2.5 and
the elliptical major (minor) axis a=10 nm (b=7.5 nm)
along the [11¯0] ([110]) crystal direction.
The calculated exciton emission energies under pres-
sure are shown in Fig. 4(a) and produce blue energy
shifts at approximately 76 meV/GPa, which is consistent
with the experimental values. To understand the emis-
sion energy blue shift, we analyzed the band offsets and
confinement potentials for the QDs under pressure, which
strongly depend on the strain distribution in the dots and
matrix. When hydrostatic pressure is applied, the lattice
constant for the matrix material GaAs decreases, which
effectively increases the lattice mismatch between the dot
material InAs and GaAs matrix. As a result, both the
(absolute values of) isotropic and biaxial strain inside the
dots increase. The averaged isotropic strain I=-0.072-
0.011 P and biaxial strain ǫzz − ǫxx= 0.12+0.0014 P ,
where P is the applied hydrostatic pressure in GPa. Fig-
ure 4(b) depicts the strain-modified band offsets for the
conduction band (e), heavy hole (HH), light hole (LH)
and spin-orbit (SO) bands through the dot center under
P =0, 2 and 4 GPa. Whereas the band offset change
is small for holes, the band offset changes dramatically
for the conduction band. Under pressure, the electron
bands move significantly toward the higher energy. The
confinement potential also increased dramatically with
increasing pressure, which is the major reason for the
observed experimental results.
Because the electron-hole Coulomb energy change is
relatively small [see Fig. 4(d)], the change in exciton
emission energy can be estimated using the electron-hole
single-particle gap Eg, which can be written as follows:
Eg( ǫ
↔) = Eg(0) + agI + bv(ǫzz − ǫxx) , (1)
where ǫ↔ is the strain tensor inside the InAs dots,
ag=−6.08 eV is the hydrostatic deformation potential for
the band gap, and bv=−1.8 eV is the biaxial deformation
potential for the valence band maximum. Therefore, we
estimated that the exciton PL blue shift under hydro-
static pressure is 82 meV/GPa for pure InAs/GaAs QDs,
which is consistent with the experimental values and
EPM calculations. We note that the hydrostatic pres-
sure is much more efficient at tuning the exciton emission
energy than uniaxial stress (∼10 µeV/MPa) [13, 26, 32].
The calculated XX binding energies EB(XX) are pre-
sented in Fig. 4(c). We found that the biexciton tends
toward antibinding in small QDs under zero pressure.
When the pressure increases, the EB(XX) for the dots
calculated increased. The binding energy tends to be sat-
urated at very high pressure. The XX binding energy for
the In0.8Ga0.2As/GaAs QDs with b=12 nm and h=1.5
nm is consistent with the experimental QD1.
In the calculation, we found that it is important to
include many electron/hole energy levels for the correct
XX binding energies using the CI calculations, and the
XX binding energy change as a function of pressure can
be observed only using the lowest energy conduction and
valence bands (i.e., Hartree-Fock approximation). Such
observations suggest that the XX binding energies did
not change due to the correlated energies; primarily, such
changes are due to changes in the direct Coulomb in-
tegrals between the lowest electron and hole states, as
follows:
∆EB(XX) ≈ 2∆Jeh −∆Jee −∆Jhh , (2)
where Jee, Jhh and Jeh are the direct electron-electron,
hole-hole and electron-hole Coulomb integrals, respec-
tively. As shown in Fig. 4(d), whereas Jee, and Jeh in-
crease rapidly with pressure, Jhh is approximately flat.
The solid purple line describes the changing exciton bind-
ing energy calculated using Eq. (2), which is consistent
with the dashed purple line from the EPM calculations.
To understand how the Coulomb integrals change un-
der pressure, we compared the lowest electron and hole
wave functions in Fig. 4(f) at 0.0 GPa and 4.0 GPa for
the 12×1.5 nm In0.8Ga0.2As/GaAs QDs. We found that,
whereas the hole wave function shape primarily does not
change, the electron becomes much more localized due
to the band offset changes shown in Fig. 4(b), which ex-
plains the Coulomb integral changes under pressure.
Finally, we examined FSS under hydrostatic pressure.
The FSS calculated as a function of pressure is shown
in Fig. 4(e), which increases dramatically with applied
pressure and is consistent with the experimental data in
Fig. 2(c). It is surprising that FSS changes under hydro-
static pressure, which does not change the QD symmetry.
However, because the electron wave functions are more
localized under pressure, an electron-hole would have a
larger effective overlap under pressure, which increases
the exchange energies (e.g., the dark-bright splitting ∆bd,
which is also shown in Fig. 4(e)). It has been shown
that FSS can be roughly estimated as ∼ 2η∆bd [32],
where η is the HH-LH mixing parameter; therefore, as
∆bd increases, FSS increases, as clearly demonstrated in
Fig. 4(e).
To summarize, we experimentally and theoretically in-
vestigated the effects of hydrostatic pressure on the ex-
citon and biexciton transition energies as well as FSS
in single InGaAs QDs. The excitonic emission ener-
gies and FSS can be tuned in situ by applying hydro-
4static pressure in an optical cryostat for changes over a
wide energy range. The observed exciton emission en-
ergy blue shift and FSS change were as large as ∼ 380
meV and ∼ 180 µeV, respectively, which is greater than
the values from other strain-adjusting techniques. Tun-
ing the QD optical properties over such a larger spec-
tral range yields great advantages for future QD applica-
tions, such as for generating color-indistinguishable pho-
ton pairs from the biexciton and exciton emission decay
cascades or generating entangled photon pairs via a time-
reordering scheme. Furthermore, it expected that photon
antibunching for optical communication band QD emis-
sion can be measured using the pressure-induced blue
shift into the spectral range detected by sufficiently pow-
erful silicon avalanche photodiodes.
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FIG. 1: (Color online) (a) Schematic drawing of the suc-
cessively applied pressure device of the diamond anvil cell
(DAC), where the DAC and piezo actuator are assembled to-
gether via home-made copper cylinder. (b) The DAC cham-
ber, showing the positions of the QD sample and ruby in the
DAC. (c) Measured pressure in the DAC chamber (solid black
circles) and the corresponding QD excitonic PL peak energy
(solid green circles) as a function of actuator voltage. At zero
voltage, an initial pressure of 0.5 GPa was generated by four
driven screws.
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FIG. 2: (Color online) (a) Exciton emission energies as a func-
tion of pressure for QD1-QD5. (b) Biexciton binding energies
as a function of pressure for QD1-QD5, showing biexciton
antibinding-binding transitions under pressure for QD1 and
QD3. (c) FSS of QD4 and QD5 as a function of pressure.
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generation color coincidence for XX and X transition energies
is achieved. (f) Level schemes showing the XX-X cascade at
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exciton emission energies of (In,Ga)As/GaAs QDs as a func-
tion of hydrostatic pressure. (b) The band offsets of the
InAs/GaAs dot under the 0.0, 2.0 and 4.0 GPa hydrostatic
pressure. The black, green, blue and red lines indicate con-
duction (e), heavy-hole (HH), light-hole (LH) and spin-orbit
(SO) bands, respectively. (c) The biexciton binding energies
as a function of hydrostatic pressure in (In,Ga)As/GaAs QDs.
(d) The changes of direct Coulomb integrals of the lowest elec-
tron and hole states in the 12×1.5 nm In0.8Ga0.2As/GaAs
QD as a function of the applied pressure. (e) The FSS in the
10×7.5×2.5 nm In0.8Ga0.2As/GaAs QD as a function of the
applied pressure. (f) The wave functions of the lowest electron
(e0) and hole (h0) states under 0.0 and 4.0 GPa hydrostatic
pressure in the 12×1.5 nm In0.8Ga0.2As/GaAs QD.
